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Cocaine Exposure Enhances the Activity of
Ventral Tegmental Area Dopamine Neurons via
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Potentiation of excitatory inputs onto dopamine neurons of the ventral tegmental area (VTA) induced by cocaine exposure allows
remodeling of the mesocorticolimbic circuitry, which ultimately drives drug-adaptive behavior. This potentiation is mediated by changes
in NMDAR and AMPAR subunit composition. It remains unknown how this synaptic plasticity affects the activity of dopamine neurons.
Here, using rodents, we demonstrate that a single cocaine injection increases the firing rate and bursting activity of VTA dopamine
neurons, and that these increases persist for 7 d. This enhanced activity depends on the insertion of low-conductance, Ca>*-impermeable
NMDARs that contain GluN3A. Since such receptors are not capable of activating small-conductance potassium channels, the intrinsic
excitability of VTA dopamine neurons increases. Activation of group I mGluRs rescues synaptic plasticity and restores small-
conductance calcium-dependent potassium channel function, normalizing the firing activity of dopamine neurons. Our study charac-
terizes a mechanism linking drug-evoked synaptic plasticity to neural activity, revealing novel targets for therapeutic interventions.

Key words: dopamine; firing rate; GluN3A; NMDA

(s )

We show that cocaine-evoked synaptic changes onto ventral tegmental area (VTA) dopamine (DA) neurons leads to long-lasting
increases in their burst firing, This increase is due to impaired function of Ca>*-activated small-conductance calcium-dependent
potassium (SK) channels; SK channels regulate firing of VTA DA neurons, but this regulation was absent after cocaine. Cocaine
exposure drives the insertion of GluN3A-containing NMDARs onto VTA DA neurons. These receptors are Ca*" -impermeable, and
thus SK channels are not efficiently activated by synaptic activity. In GIluN3A knock-out mice, cocaine did not alter SK channel
function or VTA DA neuron firing. This study directly links synaptic changes to increased intrinsic excitability of VTA DA neurons
after cocaine, and explains how acute cocaine induces long-lasting remodeling of the mesolimbic DA system. j
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area (VTA; Ungless et al., 2001; Bellone and Liischer, 2006; Pas-
coli et al., 2012; Yuan et al., 2013). Within hours of a single
injection of cocaine, synaptic strength of excitatory inputs onto
VTA DA neurons is potentiated (Ungless et al., 2001; Bellone and
Liischer, 2006). The expression of this long-lasting plasticity is

Introduction
All addictive drugs induce synaptic plasticity at glutamatergic
synapses onto dopamine (DA) neurons in the ventral tegmental
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sition (Bellone and Liischer, 2006; Yuan et al., 2013) and pro-
motes staged adaptations in target regions that eventually cause
addictive behavior (Mameli et al., 2011; Pascoli et al., 2012). This
drug-evoked synaptic plasticity at excitatory inputs onto VTA
DA neurons contributes to drug-seeking behavior (Chen et al.,
2008) and acts as an incentive signal to promote reward seeking
(Berridge and Robinson, 1998; Wise, 2004 ).

NMDARs are heteromeric receptors; GluN2A and GluN2B
are the most abundant subunits in the CNS and they assemble
with GluN1 to form canonical heterodimeric or heterotrimeric
receptors (Paoletti et al., 2013). These receptors are characterized
by a strong voltage-dependent Mg>* block at negative mem-
brane potentials and they readily flux Ca**. In contrast, the
GluN3A subunit forms noncanonical NMDARs, which are
quasi-Ca*" -impermeable, exhibit reduced Mg>™ sensitivity, and
have lower conductance (Henson et al., 2010). After a single co-
caine injection, GluN3A-containing NMDAR:s are inserted at ex-
citatory inputs onto VT A DA neurons, where the NMDARs allow
the insertion of GluA2-lacking, Ca** -permeable AMPARs (Yuan
et al., 2013).

In light of the redistribution of both AMPAR and NMDAR
subunit composition, changes in firing of VTA DA neurons are
difficult to predict, but may contribute to plasticity in target re-
gions and to the expression of maladaptive behaviors. Midbrain
DA neurons release DA most efficiently when the cells fire in
short bursts of 5-10 action potentials (APs) at frequencies of >20
Hz (Overton and Clark, 1997). Glutamatergic transmission may
drive the switch from pacemaker to burst activity of DA neurons
in the VTA (Gonon, 1988; Zweifel et al., 2009). In particular,
activation of NMDARs triggers burst firing of DA neurons,
promotes release of DA in the nucleus accumbens, and regula-
tes reward-predictive, cue-induced phasic DA release (Suaud-
Chagny et al., 1992; Sombers et al., 2009).

The activity of VTA DA neurons is also modulated by small-
conductance calcium-dependent potassium (SK) channels,
which mediate the afterhyperpolarization (AHP) following each
AP (Wolfart and Roeper, 2002). When SK channels are blocked,
the firing frequency of VTA DA neurons in the pacemaker mode
increases and more burst firing is observed (Shepard and Bunney,
1988). SK channels can be activated by synaptically evoked Ca**
transients. This activation engages a negative-feedback loop
that inactivates NMDARs due to voltage-dependent Mg>* block,
thus reducing the Ca®" influx through NMDARs and conse-
quently the amplitude of EPSPs (Ngo-Anh et al., 2005).

Extensive work has characterized changes in synaptic trans-
mission and intrinsic activity of VTA DA neurons following co-
caine exposure. However, it is not known whether these changes
are causally related and, if so, how changes in synaptic transmis-
sion contribute to altered activity of VT A DA neurons. Here, we
establish a causal link between cocaine-evoked insertion of
GluN3A-containing receptors, SK channel function, and in-
creased intrinsic activity of VTA DA neurons. These alterations
may contribute to enhanced DA release, synaptic plasticity in
target regions, and ultimately to drug-adaptive behavior.

Materials and Methods

Animals

Sprague Dawley rats (300—400 g; Janvier Labs) were used for in vivo
recordings. Pixt3-GFP and GIuN3A /" mice (males and females crossed
to C57B6 background for =10 generations, aged 25-28 or 84-98 d)
were used for slice physiology experiments (https://www.jax.org/strain/
013636, https://www.jax.org/strain/021962). Both rats and mice were
housed three or four per cage under controlled conditions (22-23°C; 12 h
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light/dark cycle; lights on 7:00 A.M.) with food and water available ad
libitum. All procedures were conducted in accordance with European
Directive 2010-63-EU and with approval from the Bordeaux University
Animal Care and Use Committee (N°50120205-A) and from the Veter-
inary Office Canton de Geneve (Switzerland).

Drugs

Rats and mice received intraperitoneal injections of cocaine (15 mg/kg)
or vehicle (0.9% saline) and were returned to their home cage until
recordings were performed. Where indicated, rats were injected intra-
peritoneally with MK-801 (1 mg/kg) or vehicle (0.9% saline) 15 min
before cocaine or saline injections, and VTA recordings were done after
24 h. Local VTA injections of apamin (100 uMm) were done using double-
barrel micropipettes (Georges and Aston-Jones, 2002). For ex vivo exper-
iments, apamin and 3,5-dihydroxyphenylglycine (DHPG) were used at
100 nm and 20 um respectively. Cocaine-hydrochloride was obtained
from Sigma-Aldrich Biosciences, all other drugs used in ex vivo experi-
ments were obtained from Tocris Bioscience.

Surgery

Rats were anesthetized with 4% isoflurane 2 I/min air and O, for induc-
tion and placed in the stereotaxic frame. During surgical procedures and
recordings, 1.5% isoflurane 2 I/min air and O, were delivered through a
facial mask via spontaneous respiration. Body temperature was main-
tained at 36—-38°C with a thermistor-controlled electric heating pad dur-
ing the procedure. For recordings, the skull was exposed and holes were
drilled above the VTA (5.6 mm caudal to bregma, 0.6 mm lateral to
bregma, and —7.2 mm ventral from dura) or above the tail of the VTA
(tVTA; 6.8 mm caudal to bregma, 0.4 mm lateral to bregma, and 7.4 mm
ventral from dura).

In vivo single-unit recordings
VTA DA neuron recordings. A glass micropipette (1-2 wm, 10-12 mMQ)
filled with 2.0% pontamine sky blue in 0.5 M sodium acetate was
used for recording. The extracellular potential was recorded with an
Axoclamp-2B amplifier and filter (300/0.5 Hz; (Georges and Aston-
Jones, 2002). Single-neuron spikes were collected on-line (CED 1401,
SPIKE 2, Cambridge Electronic Design). For VTA recordings, electro-
physiological criteria used to identify putative DA neurons were similar
to those of previous studies (Grace and Bunney, 1984; Ungless et al.,
2004; Ungless and Grace, 2012). These included (1) AP with biphasic or
triphasic waveform =2.5 msin duration, (2) =1.1 ms from spike onset to
negative trough, and (3) slow spontaneous firing rate of <10 spikes/s.
Local injections of apamin (60—120 nl) during VTA dopaminergic re-
cording were done as described above.

tVTA/right middle temporal gyrus and VTA GABA neuron recordings. A
glass micropipette (tip diameter, 1-2 um; 10-12 M{)) was lowered into
the tVTA/right rostromedial tegmental nucleus (RMTg) or the VTA.
Recordings were similar to those described above for VTA DA. As in
previous reports (Jalabert et al., 2011; Lecca et al., 2012), we considered
tVTA units to be putative GABA neurons if the early spike duration [peak
neurons usingas criteria: (1) an AP <1.1 msin duration (peak from spike
onset to initial negative trough) was =1.1 ms. tVTA GABA cells are
reported to have highly variable basal firing rates [ranging from 1 to 60
Hz in the study by Jalabert et al., (2011)]. Therefore, we did not use this
parameter to identify them. At the end of each recording experiment, the
recording electrode placement was marked with an iontophoretic de-
posit of pontamine sky blue dye (—10 A, pulsed current for 30 min).
After the experimental procedures, the rats were deeply anesthetized with
isoflurane (5%) and decapitated. Brains were removed and snap-frozen
in a solution of isopentane at —80°C. Coronal, 40-um-thick sections
were cut on a cryostat and counterstained with neutral red. Histological
localization of recording sites enabled us to verify the localization of the
electrode tips.

Patch-clamp electrophysiology

Horizontal brain slices (180 wm) were prepared in cooled artificial CSF
containing the following (in mm): 119 NaCl, 2.5 KCl, 1.3 MgCl, 2.5
CaCl,, 1.0 Na,HPO,, 26.2 NaHCO,, and 11 glucose, bubbled with 95%
0, and 5% CO,. Slices were kept at 30-34°C in a recording chamber



Creed et al. « NMDARs and SK Channels Regulate Burst Firing of DA Neurons

superfused with 2.5 ml/min artificial CSF. Visualized whole-cell record-
ing techniques were used to measure holding and synaptic responses of
DA neurons in the VTA.

Spontaneous firing rate. Recordings were performed in a cell-attached
configuration with saline in the patch pipette. Recordings were included
if spontaneous activity was maintained for 10 min with <20% variability;
firing rate was analyzed during the last 5 min of recording. For apamin
experiments, the drug was applied after 10 min of baseline and the firing
rate was analyzed for a further 5 min.

AHP current. Holding potential was maintained at —60 mV, and ac-
cess resistance was monitored by a depolarizing step of —14 mV each
sweep, every 20 s. The liquid junction potential was small (—3 mV);
therefore traces were not corrected. Experiments were discarded if the
access resistance varied by >20%. Currents were amplified, filtered at 5
kHz, and digitized at 20 kHz. AHP current (I, ;) was measured follow-
ing a hyperpolarizing step of 60 mV applied for 100 ms. The SK-mediated
component of the I,;;, was determined by subtraction after the bath
application of apamin (100 nm). The internal solution contained (in mm)
130 CsCl, 4 NaCl, 5 creatine phosphate, 2 MgCl2, 2 Na2ATP, 0.6 Na3
GTP, 1.1 EGTA, and 5 HEPES.

NMDA EPSP. Recordings were made in current-clamp configuration,
in Mg?*-free aCSF in the presence of NBQX (10 um) and picrotoxin
(50 um) to isolate the NMDA component. Potentials were evoked with a
bipolar stimulating electrode placed anterior to the VTA.

Data analysis and statistical analysis

To compare in vivo basal firing rates of neurons between groups, each cell
was recorded for =120 s. In addition, for VTA DA neurons, burst anal-
ysis was performed. The onset of a burst was defined as the occurrence of
two spikes with an interspike interval of <80 ms (Grace and Bunney,
1984). We evaluated the amount of bursting activity by calculating the
bursting rate (number of burst events per second) and the mean spike per
burst. To analyze the effect of apamin on VTA dopaminergic activity, we
compared the firing rate and the bursting rate of recorded VTA DA
neurons 60 s before injection to 60 s after injection. A maximum of one
infusion of apamin was performed in each hemisphere. For ex vivo firing
rate comparisons, cells were recorded for =10 min to determine a stable
firing rate. For ex vivo LTP experiments, the final 5 min of the baseline
measurement was compared with the final 5 min of the recording. Two
group comparisons were performed with Student’s ¢ tests or Wilcoxon
matched-pairs test. For multiple comparisons, values were subjected to a
one-way ANOVA (with repeated measures where appropriate) followed
by a Newman—Keuls post hoc test.

Results

Acute cocaine exposure induces long-term increases in firing
rate and burst firing of VTA DA neurons

To directly examine the in vivo activity of VTA DA neurons 24 h
after a single cocaine exposure, we recorded the extracellular ac-
tivity from single VTA DA neurons identified according to their
electrophysiological properties (Grace and Bunney, 1984; Jalab-
ert et al., 2011; Ungless and Grace, 2012). We found a shift in
activity distribution of VT A DA neurons toward higher frequen-
cies following cocaine exposure (Fig. 1A-C; saline, 24 h, n = 45
cells/9 rats; cocaine, 24 h, n = 46 cells/8 rats; Kolmogorov—Smir-
nov comparison: D, = 0.2271; p < 0.05), and a significant
increase in both firing rate and bursting activity of VTA DA neu-
rons in cocaine-treated compared with saline-treated rats (Fig.
1D; saline, 24 h, n = 45 cells/9 rats; cocaine, 24 h, n = 46 cells/9
rats; firing rate: saline, 24 h, 3.79 = 0.3 Hz; cocaine, 24 h, 5.98 =
0.35 Hz, tg9y = 4.8, p < 0.0001; bursting rate: saline, 24 h, 0.64 *
0.08 Hz; cocaine, 24 h, 0.98 * 0.1 Hz, o) = 2.7, p = 0.0074;
mean spike/burst: saline, 24 h, 2.47 = 0.11; cocaine, 24 h, 5.98 =
0.23, g9y = 3.7, p = 0.0003). The increase in activity was appar-
ent 3 h after a single injection and persisted up to 5 d (Fig. 1E;
saline, n = 85 cells/15 rats, 3.89 * 0.2 Hz; cocaine, 3 h, n = 33
cells/5 rats, 5.59 * 0.4 Hz; cocaine, 6 h, n = 38 cells/5 rats, 5.35 =
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0.4 Hz; cocaine, 24 h, n = 46 cells/9 rats, 5.98 = 0.35 Hz; cocaine,
5d, n = 35 cells/5 rats, 5.18 = 0.42 Hz; F, »3,, = 8.3 p < 0.001),
mimicking the time course of cocaine-induced plasticity previ-
ously reported (Ungless et al., 2001; Mameli et al., 2007). Pre-
treatment with the NMDAR antagonist MK-801 blocked
cocaine-evoked increases in firing rate and bursting activity (Fig.
1 F, G; saline/vehicle, n = 45 cells/9 rats; vehicle/cocaine, n = 46
cells/8 rats; MK-801/saline, n = 37 cells/5 rats; MK-801/cocaine,
n = 42 cells/4 rats; firing rate: saline/vehicle, 3.79 * 0.2 Hz;
vehicle/cocaine, 5.98 = 0.35 Hz; MK-801/saline, 4.16 =
0.44 Hz; MK-801/cocaine, 4.76 = 0. 42 Hz, F(;,¢6) = 7.0,
p = 0.0002; bursting rate: saline/vehicle, 0.63 = 0.08 Hz; vehicle/
cocaine, 0.98 = 0.1 Hz; MK-801/saline, 0.42 = 0.78 Hz; MK-801/
cocaine, 0.38 * 0.07 Hz, F; 6 = 11.1, p < 0.0001; mean
spike/burst: saline/vehicle, 2.47 = 0.11; vehicle/cocaine, 3.46 =
24; MK-801/saline, 2.47 * 0.37; MK-801/cocaine, 2.49 * 0.23
Hz, F5 166) = 4.5, p = 0.0044), suggesting that NMDAR activa-
tion is necessary for the expression of cocaine-evoked activity
changes. Although earlier reports suggested a correlation be-
tween sleep-like brain states and the activity pattern of DA neu-
rons (Brown et al., 2009), the use of isoflurane in the experiment
presented here promotes a predominant state of cortical activa-
tion and prevents cyclic brain state alternations (Maclver and
Bland 2014). It is then unlikely that the changes in DA neuron
firing patterns we observed several hours after acute cocaine
could be due to cocaine-evoked changes in brain state. Critically,
we did not find any significant difference in firing rate of putative
GABA neurons recorded in the VTA (Fig. 1 H-J; saline, 24 h, n =
15 cells/8 rats, 17.8 * 4.6 Hz; cocaine, 24 h, n = 23 cells/5 rats,
17.4 = 2.7 Hz, t55 = 0.075, p = 0.94) or tVTA/RMTg (Fig.
1K—M; saline, 24 h, n = 26 cells/7 rats, 19.2 * 3.6 Hz; cocaine,
24 h, n = 26 cells/8 rats, 16.9 * 2.8 Hz, t(5o) = 0.49, p = 0.61),
indicating that increased activity of VTA DA neurons observed
24 h after acute cocaine injection is not the consequence of inhi-
bition of the mesencephalic GABAergic transmission.

SK channels contribute to the cocaine-induced increases in
neuronal activity

Burst activity of VTA DA neurons is modulated by both synaptic
activity and intrinsic mechanisms. SK channels regulate the firing
pattern of DA neurons (Grace and Bunney, 1983), as the SK
antagonist apamin increases spontaneous bursting in vivo
(Shepard and Bunney, 1991). In vivo recordings revealed that
intra-VTA infusion of apamin (Fig. 2A) significantly increased
the firing rate and mean number of spikes/burst in DA neurons
recorded from saline-treated rats (Fig. 2B; saline, 24 h, n = 10
cells/8 rats; variation of firing rate: 99.88 = 2.93% before apamin
vs 135.3 = 14.01% after apamin, Wilcoxon match-paired test
W0y = 39, p = 0.0244; variation of bursting rate: 105.2 * 6.93%
before apamin vs 164.7% after apamin, w4y = 25 p = 0.116;
variation of mean spike in burst: 99.91 % 3.59% before apamin vs
146.6 = 18.53%, w(;5) = 21, p = 0.0156) but did not have any
effect on VTA DA neurons recorded in cocaine-treated rats (Fig.
2GC; cocaine, n = 7 cells/6 rats; variation of firing rate: 102.4 *
1.94% before apamin vs 90.53 * 27.02%, w, = —14.0, p =
0.148; variation of bursting rate: 101.6 = 1.2% before apamin vs
104.5% * 8 0.85 after apamin, w,, = 7.0 p = 0.281; variation of
mean spike in burst: 101.3 * 1.3% before apamin vs 101.1% after
apamin, w,, = 0.0, p = 0.5). Our data suggest that cocaine ex-
posure induces long-lasting changes in intrinsic activity of VTA
DA neurons by affecting the function of the SK channel. To better
characterize the cellular mechanisms underlying these cocaine-
induced changes in firing activity neurons, we performed ex vivo
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Figure 1.

Cocaine increases firing rate and burst firing of VTA DA neurons in vivo. A, Schematic of the experimental design. Rats received an injection of cocaine (COC) or saline (SAL)

24 h before recordings of VTA DA neurons except where indicated (E). B, Representative traces from VTA DA neurons with burst events indicated. Scale bars: horizontal, 15; vertical, TmV.
€, Distribution of VTA DA neurons by their firing rate. Solid line represents the best-fit normal distribution curve for the histogram data. D, Firing rate (left), bursting rate (middle), and
mean spikes per burst (right) of VTA DA neurons were increased in COC-treated rats. E, The increase in VTA DA firing rate was significant when recordings were performed 3 h, 6 h, 24 h,
and 5 d after COCexposure. F, Pretreatment with NMDAR antagonist MK-801 occluded COC-induced increases in firing rate (left), bursting rate (middle), and mean spikes per burst (right)
of VTA DA neurons. G, Representative traces of VTA DA neurons from COC-treated rats with or without MK-801 pretreatment. Scale bars: horizontal, 1; vertical, 0.5 mV. H, Schematic of
the experimental design. Rats were treated with SAL or COC 24 h before recording putative VTA GABA neurons. I, Sample traces from putative VTA GABA neurons. Scale bars: horizontal,
25; vertical, 0.5 mV. J, Firing rate of VTA GABA neurons was not altered by COC. K, Schematic of the experimental design. Rats were treated with SAL or COC 24 h before recording GABA
neurons in the tVTA/RMTg. L, Sample traces from GABA tVTA/RMTg neurons. Scale bars: horizontal, 0.5 s; vertical, 1 mV. M, Firing rate of tVTA/RMTg GABA neurons was not altered by

(0C. *p < 0.05.



Creed et al. « NMDARs and SK Channels Regulate Burst Firing of DA Neurons

J. Neurosci., October 19,2016 - 36(42):10759-10768 * 10763

2504 * S 400 3004 * SAL (10/8)
. X b < [ .
Cocaine < K [0} —_ !
Sali H o 2004 ! T < 2 !
or Saline 1.p. = £ 3004 8 S
o < £ 43 200+ )
o 150 4 = u— Pre-apamin
24h £ 7] S l=]
= 5 200 c 2
o ~
% 100+ 2 E=J
us ©
c s} 8 O 100+
iin vivo REC. o c 1004 T o
g ® 501 2 > o0
g 5 M
g 5 Post-apamin
O-'Pre Post > 0-Pre Post 0- Pre Post
— 250 400+ 300- Cac (7/6)
\O ~—"
o
) Qo c~
@ 2004 © o
= o ® S~
5 300- 3
> 2 £ -2 200
£ 150+ @ S5 Pre-apamin
= 5 200 s 2
S 100 2 =
c o @ .8 D100 |
S . 5 = 83
8 sof 2 e 0
5 ° R . \ \
> S Post-apamin
0- pre Post > 0- pre Post 0- pre Post P
D E 6- F ;. .
CSOCI?me' 5 * SAL (8/5) 5 COC (8/5)
or saline 1.p. E . L L_l | L Ll E 9///.
g 4 LRI
o) / [0}
24h I / © J
[e)) Pre-apamin — o Pre-apamin
£ £
)"\*\ LE [ATETE NIRRT E e LE
R
" . Post-apamin — Post-apamin -
exvivo g 0-
REC. Pre Post Pre Post
5 - 600 - 600 -

G * * H saL W sAL Mixed APH
. 1 1 coc m coc W Post-Apamin
N 4 A Pure SK
< < < 400

400 4 ]
g s e -
fa * % o
o = z
£ 2] 3 < SAL
ic % 200 - X 200 A *
~| ~ 0 = wn *
1 3 < 2 N = ]
3 3 B8 Mg g s 53 <
o ol Mo & [ ) = ) >
0- 0- == — 0" =——— coc
SAL COC SAL coC - > -
‘bfb b(q ‘bfb b(cb
P28-35 P84-98 i & v &

Figure 2.

SK channels contribute to increased burst firing of VTA DA neurons following cocaine (COC). A, Schematic of the in vivo experimental design using double-barrel pipette for microin-

jection. B, In saline (SAL)-treated rats, application of apamin increased the firing rate (left) and spikes per burst (right) of VTA DA neurons. No effect is observed on the bursting rate (middle).
Representative traces from SAL-treated rats. Scale bars: horizontal, 1's; vertical, 1 mV. C, Application of apamin had no effect on firing rate, burst firing, or spikes per burst in COC-treated rats.
Representative traces from COC-treated rats. Scale bars: horizontal, 1s; vertical, 1 mV. D, Schematic of ex vivo recording experiments. E, F, In cell-attached recordings, apamin application increased
thefiring rate of VTA DA neuronsin SAL-treated mice, but had no effectin mice receiving COC. Inset, Representative traces. Scale bars: horizontal, 1s; vertical, 20mV. G, In both adolescent (P28 —P35)
and adult (P84 —P98) mice, basal firing rate was increased in COC-treated relative to SAL-treated mice, and apamin application increased the firing rate in SAL-treated mice only. H, The mixed and
SK-mediated components of the /,,,, were reduced following COC treatment in both adolescent and adult mice. Right, Representative traces. Scale bars: horizontal, 50 ms; vertical, 50 pA. *p << 0.05.

electrophysiology recordings of VTA DA neurons (Fig. 2D). In
agreement with in vivo findings, cell-attached recordings revealed
a2.26-fold increase in DA activity after apamin perfusion in slices
from saline-treated mice (Fig. 2E; n = 8 cells/5 mice, t,, = 5.02,
p = 0.002). Given the potential age-dependent effects of cocaine,
we compared the effects of cocaine on the firing rate of VTA DA
neurons in young (P28 —P35) and adult (P84-P98) mice. Fol-
lowing cocaine treatment, the absolute firing rate was increased
relative to saline-treated controls in both age groups (young: sa-

line, n = 18 cells/7 mice, 1.02 = 0.072 Hz; cocaine, n = 11 cells/7
mice, 2.51 * 0.180 Hz; t,;y = 9.11, p < 0.001; adult: saline, n =
15 cells/5 mice, 0.966 = 0.213 Hz; cocaine, n = 7 cells/4 mice,
3.27 * 0.819 Hz; t(,,) = 3.73, p = 0.0013) and apamin applica-
tion did not significantly change the activity of VTA DA neurons
(Fig. 2F, G; young: n = 8 cells/6 mice, p = 0.6575; adult: n = 11
cells/4 mice, t,5) = 0.25, p = 0.809).

Activation of SK channels contributes to the I,,;, potential
that follows an AP (zharv;30Waroux et al., 2005). To investi-
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Figure 3.

SK channel function in VTA DA neurons in GIuN3A /" mice is preserved after cocaine (COC). 4, In VTA DA neurons, bath application of apamin potentiated NMDA-mediated EPSP

amplitude, which was occluded 24 h after COC treatment. Inset, Representative traces showing averaged EPSP 5 min immediately before apamin application and 20 min after application. Scale bars:
horizontal, 50 ms; vertical, 1 mV. B, COC treatment did not occlude apamin-induced LTP of NMDA-mediated EPSPs in GluN3A ™~ mice. Inset, Representative traces showing averaged EPSP 5 min
immediately before apamin application and 20 min after application. Scale bars: horizontal, 50 ms; vertical, 1 mV. C, The mixed and SK-mediated components of the /,,,, were not reduced by COC
treatment in GluN3A ™"~ mice. Inset, Representative traces. Scale bars: horizontal, 100 ms; vertical, 50 pA. D, COC-induced increase in firing rate of VTA DA neurons was not significant in GRIN3A

knock-out mice. Scale bars: horizontal, 15; vertical, 20 mV. *p < 0.05. SAL, Saline.

gate whether cocaine exposure alters SK-dependent contribu-
tion to I, p, we first measured the I, evoked by a 100 ms
depolarizing voltage pulse. We then applied apamin to obtain
the apamin-sensitive, SK-mediated I,;;p. Cocaine treatment
significantly decreased both the mixed I, and the apamin-
sensitive I, ;; component (Fig. 2H; young: saline/cocaine, n =
6/9 cells from 4 mice/condition; mixed I, p: 419.77 £ 51.89
PA/202.88 * 43.42 A, f,3 = 2.87, p = 0.009, SK-I,;:
330.32 = 23.16 pA/106.29 * 23.23 pA, t(,5) = 4.42, p < 0.001;
adult: saline/cocaine, n = 9/8 cells from 4 mice/condition;
mixed I,z 33321 = 67.46 pA/218.5 + 27.398 PA, 1,5, =
1.93, p = 0.153, SK-I;;p: 298.1 = 81.88 pA/85.06 = 13.01 pA,
tsy = 2.52, p = 0.024) suggesting that impaired SK channel
function contributes to the increased firing activity of VTA
DA neurons.

GluN3A-containing NMDARs are necessary for cocaine-
evoked changes in SK channel function and increased activity
of VT'A DA neurons.

Apamin-sensitive SK channels are activated by synaptically
evoked Ca*" transient through NMDARs and influence the
EPSPs by providing a local shunting current to promote rapid
membrane hyperpolarization and consequent Mg>* block of
the NMDARs (Ngo-Anh et al., 2005). To investigate whether
this Ca”"-mediated feedback loop was affected in VTA DA
neurons after cocaine treatment, we performed whole-cell
current-clamp recordings of VTA DA neurons, pharmacolog-
ically isolating NMDA EPSPs. Apamin increased the ampli-
tude of pharmacologically isolated NMDA EPSPs in the

control condition (n = 5 cells/3 mice; +196.22 * 16.24%),
but did not have any effect in slices from mice treated with
cocaine (Fig. 3A; n = 6 cells/3 mice, +115.22 * 17.05%j;
repeated-measures ANOVA, F(, 5y = 21.4, p < 0.001). We
have previously shown by the insertion of noncanonical
GluN3A-containing NMDARs that cocaine-evoked synaptic
plasticity is expressed at excitatory synapses onto DA neurons
of the VTA (Yuan et al,, 2013). GluN3A-containing NMDARs
are Ca’>"-impermeable, and their insertion following cocaine
treatment would lead to reduced Ca?" influx, which could
then alter SK channel function. Consistent with this hypothe-
sis, in GIuN3A~/~ mice, apamin increased the amplitude of
NMDA EPSPs to a similar extent in cocaine-treated and
saline-treated mice (Fig. 3B; saline: n = 10 cells/4 mice,
219.71 %= 36.10%; cocaine: n = 12 cells/4 mice, 201.13 *
37.46%; repeated-measures ANOVA, F(; ,4) = 0.2, p = 0.638).
The mixed I, ;p (saline: n = 11 cells/5 mice, 422.78 = 207.52
pPA; cocaine: n = 16 cells/5 mice, +474.19 £ 229.63 pA),
apamin-sensitive I, (Fig. 3C; saline: 300.305 = 177.84 pA;
cocaine: 297.23 = 142.84 pA), and firing rate (Fig. 3D; saline:
n = 9 cells/4 mice, 1.12 = 0.29 Hz; cocaine: n = 13 cells/4
mice, 1.67 = 0.34 Hz) recorded in VTA DA neurons of
GIuN3A~/~ mice were not significantly different between sa-
line and cocaine treatment. Together, our experiments indi-
cate that the cocaine-induced changes in intrinsic properties
of VTA DA neurons depend on the presence of GluN3A-
containing, Ca“—impermeable NMDARs, which fail to effi-
ciently activate SK channels.
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Figure 4.

mGluR1 activation with DHPG rescues SK channel function after cocaine (COC). 4, Incubation with DHPG rescued apamin-induced potentiation of the NMDA-mediated EPSP. B, Acute

application of DHPG also rescued apamin-induced potentiation of the NMDA-mediated EPSP. C, Summary plots and representative traces showing that incubation with DHPG or Ro 67-7476 rescued
the SK-mediated component of the /,,, in COC-treated mice. Scale bars: horizontal, 100 ms; vertical, 50 pA. D, Summary plots and representative traces showing that incubation with DHPG or Ro
67-7476 rescued COC-induced increase in firing rate measured with cell-attached recordings. Scale bars: horizontal, 15; vertical, 20 mV. *p << 0.05. SAL, Saline.

Activation of Group I mGluRs rescues the cocaine-induced
changes in intrinsic activity of VTA DA neurons

To demonstrate a direct link between cocaine-evoked synaptic
changes and increased firing activity of VTA DA neurons, we
attempted to rescue SK channel function and the firing properties
with pharmacological Group I mGluR activation. We have pre-
viously shown that Group I mGIuR activation rescues cocaine-
evoked synaptic plasticity both in vivo and in vitro (Bellone and
Luscher, 2006; Yuan et al., 2013), by inducing the removal of
GluN3A-containing NMDARs, which are substituted with ca-
nonical GluN2A-containing NMDARs. In slices that had been
incubated with the Group I mGluR-agonist DHPG, the apamin-
induced increase of NMDA-EPSP amplitude in cocaine-treated
mice was restored and was not significantly different from saline-
treated controls (Fig. 4A; saline, n = 6 cells/5 mice, 171.17 =
27.47%; cocaine, n = 7 cells/5 mice, 204.96 = 43.62%). To pre-
clude the possibility that DHPG incubation induced an increase
in NMDA EPSP and thus occluded the effects of apamin applica-
tion, we show that while acute application of DHPG alone did in
fact increase the amplitude of the NMDA EPSP in cocaine-
treated mice (n = 11 cells/7 mice; 175.17 = 43.42%), the appli-
cation of apamin further enhanced this increase (Fig. 4B; n = 8
cells/6 mice; 263.75 *= 52.64%), although this result did not

achieve statistical significance (¢ test DHPG vs DHPG + apamin
ta7 = 1.3,p = 0.209). We have previously shown that in vitro and
in vivo activation of mGluR1 specifically reversed cocaine-evoked
synaptic plasticity (Bellone and Liischer, 2006; Yuan et al., 2013).
Here, we extended these findings and we showed that mGluR1-
specific positive allosteric modulator Ro 67-7476 changed intrin-
sic activity of VTA DA neurons. Incubation with either DHPG or
Ro 67-7476 rescued the mixed and apamin-sensitive I, (Fig.
4C; saline: n = 8 cells/4 mice, mixed I,;;p = 384.86 = 75.18 pA,
SK-1,pp = 212.42 = 63.40 pA; cocaine: n = 9 cells/4 mice, mixed
Lyipp = 193.92 £ 28.95 pA, SK-1,;;p = 57.13 = 16.77 pA, cocaine
plus DHPG: n = 12 cells/4 mice, mixed I, = 299.65 * 84.86
PA, SK-I,,,p = 185.93 % 66.37 pA, COC + Ro 67-7476: n = 13
cells/4 mice, mixed I, = 338.56 * 69.44 pA, SK-I,,p =
187.42 * 26.41 pA; t test, saline vs cocaine SK-I,;p: t(;5) = 2.5,
p = 0.025, t test saline vs cocaine + DHPG; SK-I;p, t(15) = 2.1,
P = 0.050, t test cocaine vs cocaine + Ro 67-7476 SK-1,yp, (20, =
3.8,p =0.0011) and the firing rate of DA neurons ex vivo (Fig. 4D;
saline, n = 11 cells/4 mice, 1.08 = 0.43 Hz; cocaine, n = 13 cells/4
mice, 2.93 = 0.60 Hz; cocaine + DHPG, n = 11 cells/4 mice,
1.26 * 0.42 Hz, t test, cocaine + Ro 67-7476, n = 13 cells/4 mice,
1.09 * 0.17 Hz; saline vs cocaine, t,5, = 2.4, p = 0.025, ¢ test
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conditions, excitatory transmission is mediated by GluN3A-lacking NMDA receptors, which are Ca > -permeable and sensitive to Mg 2 * block at negative resting membrane potential. After cocaine,
the switch in NMDA subunit composition to GluN3A-containing NMDA receptors, which are quasi-Ca " -impermeable and are insensitive to Mg 2™ block. 2. Under basal conditions Ca®™ influx
through NMDARs binds to calmodulin through calmodulin-binding domains on SK channels. 3. Ca* binding induces a conformational change in the SK channel. 4. Upon activation, K ™ efflux
through the SK channel contributes to /., potential of the membrane. 5. At hyperpolarized potentials, NMDARs are subject to Mg > block and no longer flux Ca*. 6. The net result is an increase

infiring rate after cocaine, due to insertion of GluN3A-containing NMDARs.

cocaine vs cocaine + DHPG, f,o, = 2.2, p = 0.038, ¢ test cocaine
vs cocaine + Ro 67-7476, t,,, = 3.6, p = 0.0011).

Discussion

Here, we observe that a single exposure to cocaine increases the
firing rate and burst firing activity of VTA DA neurons. This
increase is observed between 3 h and 5 d after the injection, and
parallels synaptic potentiation onto these neurons (Ungless et al.,
2001; Mameli et al., 2007). Cocaine-evoked plasticity in the VTA
is driven first by the insertion of noncanonical GluN3A-
containing NMDAs, followed by a switch in AMPAR composi-
tion (Bellone and Liischer, 2006; Yuan et al., 2013). We identify
the absence of SK channel activation as the link between poten-
tiation of excitatory transmission onto VTA DA neurons and
increased intrinsic activity.

Contrary to expectations, the increase in DA firing rate and
burst firing activity does not result from disinhibition due to
reduced mesencephalic GABAergic input. In line with this inter-
pretation, our in vivo recordings of putative GABA neurons in the
VTA and tVTA/RMTg revealed no difference in firing rate 24 h
following cocaine exposure. Instead, “noncanonical” GluN3A-
containing, low-conductance, Ca®"-impermeable NMDARs
seem necessary for the increase in firing rate and bursting activity
of VTA DA neurons. This is based on the observation that the
NMDA antagonist MK-801, as well the genetic deletion of the
GluN3 subunit, precluded increased firing.

How can the insertion of GluN3A-containing NMDARs en-
hance the activity of VTA DA neurons? Under physiological condi-
tions, Ca®™ entering the cell via NMDARs activates SK channels that
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influence the EPSPs by providing a local shunting current to pro-
mote rapid membrane hyperpolarization and consequent Mg>"
block of the NMDARs (Ngo-Anh et al., 2005). Following cocaine
exposure, the insertion of GluN3A-containing NMDARs—which
have very low Ca*" permeability—reduces the activation of SK
channels (Fig. 5).

We have previously shown that pharmacological activation of
group I mGluRs removes GluN3A-containing NMDARs and re-
stores basal synaptic transmission onto VTA DA neurons (Yuan
etal., 2013). In this study, we did not examine the involvement of
SK subtypes, which are differentially expressed in the VTA and
the substantia nigra (Wolfart et al., 2001). The difference in SK
channel expression within different populations of midbrain DA
neurons could reconcile our results with previous reports that
mGluR5 signaling is necessary for cocaine-induced reduction of
mGluR1-dependent SK channel function (Kramer and Williams
2015). Here, we extend previous work specifically implicating
mGluR1 in VTA DA neurons in cocaine-evoked synaptic plastic-
ity (Bellone and Liischer, 2006). Using a positive allosteric mod-
ulator of mGluR1, we now establish a causal link between
cocaine-induced synaptic alterations and increases in neuronal
activity. Indeed activation of mGluR1 restores not only basal syn-
aptic transmission, but also SK channel function and normalizes
the firing rate of VTA DA neurons after cocaine exposure. Al-
though we cannot exclude a direct effect of mGluR signaling on
SK channel function, our data indicate that the rescue of basal
NMDAR properties contributes to the normalization of SK chan-
nel function and consequently decreases neuronal activity.

The demonstration of a causal link between synaptic plasticity
and activity of VTA DA neurons may help us understand the
effects of cocaine beyond the VTA. In fact, the synaptic plasticity
observed in VT'A DA neurons after cocaine suggests the possibil-
ity of altered synaptic plasticity in downstream projection re-
gions, such as the NAc (Mameli et al., 2009), which mediates
distinct components of drug-adaptive behavior (Pascoli et al.,
2014). However, while plasticity in the VTA occurs within hours
following acute cocaine exposure, downstream plasticity in the
NAc is only observed after a withdrawal period of several days
(Pascoli et al., 2014; Creed et al., 2015). By increasing the activity
of VTA DA neurons through alterations in SK channel function,
synaptic plasticity in the VTA may contribute to enhanced DA
tone in VTA projection areas. Impaired function of SK channels
may therefore represent a crucial step in the progression of drug-
evoked synaptic plasticity throughout the mesolimbic DA sys-
tem. Enhancing SK channel activity, for example through
positive allosteric modulation, may thus emerge as a therapeutic
strategy to halt the progression from cocaine exposure to addic-
tion.
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